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 A B S T R A C T

It is known that individuals make use of spatial hearing cues to improve the audibility of a target signal and 
separate it from competing sounds. This phenomenon is known as spatial release from masking (SRM). Recent 
research has shown that this happens also when sources are located in the median plane, where interaural 
differences are limited. When assessing this within virtual conditions, it has been shown that employing 
individually measured head-related transfer functions (HRTFs) results in higher SRM abilities compared to 
using non-individual filters. In a previously published work, we found that Spanish speakers benefit from 
individual HRTFs when discriminating a target English speech from a single masker in the median plane. This 
study replicates the protocol of that previous work, varying the number of maskers and participants’ English 
proficiency levels to explore relationships among task difficulty and HRTF use. Results from a first experiment 
show that English speakers behave differently to Spanish ones; their SRM advantage is not significant. We 
suggest that this is due to their language proficiency, which allows them to rely on spectral glimpsing 
alone, that is, exploiting spectro-temporal gaps between voices rather than spectral cues introduced by spatial 
separation. A second experiment introduces a second speech masker, co-located with the first; by making the 
task more complex, participants seem to increase their reliance on spatial cues, resulting in significant effects 
of masker position and HRTF. This highlights a trade-off between the use of target glimpsing and spatial cues 
and the need for further exploration into how task difficulty influences SRM with different HRTFs.
1. Introduction

Understanding speech in a noisy background is a common yet chal-
lenging daily task, often referred to as ‘‘cocktail-party’’ (Cherry, 1953). 
In these contexts, listeners must isolate the target speech from the 
competing sources to focus their attention effectively (e.g., Bronkhorst, 
2000, 2015). The success of this auditory stream segregation depends 
on the degree of masking caused by competing sources on target. 
This masking can be broken down into a combination of energetic 
masking (EM) and informational masking (IM). On one hand, EM 
occurs because of spectro-temporal overlaps of the target and masker 
signals at the peripheral level. These overlaps decrease target audibility 
in specific spectro-temporal regions, which degrades the segregation 
of the target from the maskers thus reducing intelligibility. On the 
other hand, IM arises from perceptual similarities between target and 
maskers that introduce target uncertainties preventing the listener 
from determining what, when, where, or who to attend to even when 
audibility is guaranteed. Differences between the target and masker 
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signals generally enhance the release from IM (e.g., Brungart, 2001), 
as target segregation becomes easier under such conditions. These 
differences cause spectro-temporal regions wherein target information 
is less affected by maskers, so-called target glimpsing. However, EM 
is also affected by altering the spectro-temporal overlap between the 
target and masker, thereby intertwining the effects of the two types of 
release from masking.

Speech recognition is affected by linguistic factors such as the 
listener’s language background, especially when the target is in the 
midst of other competing sound sources. Listening to a non-native lan-
guage (language learned some years after acquired your first language) 
is challenging and generally intelligibility is degraded in cocktail-
party situations. Especially, competing speech seems to increase the 
amount of IM for Non-natives more than for Natives (see reviews 
from Garcia Lecumberri et al., 2010; Scharenborg and van Os, 2019). 
This amount of masking can be reduced by the listener’s language 
proficiency and/or the age at which the language was learned.
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Listener’s spatial hearing abilities are also essential for intelligi-
bility. Target and maskers being located in different positions can 
significantly benefit to the listeners. This benefit, known as spatial 
release from masking (SRM), is thought to be based mainly on the use of 
interaural differences, both spectral and temporal. Although monaural 
benefits to SRM in horizontal-plane listening have been well estab-
lished (e.g., Freyman et al., 1999, 2001), recent work has demonstrated 
that monaural cues can also play a significant role in SRM when sources 
are presented in the median plane (Martin et al., 2012; González-Toledo 
et al., 2024).

When sources are positioned in the horizontal plane, the signals 
arrive at the listener’s ears with interaural time differences (ITD) and 
interaural level differences (ILD). Interaural differences are minimal 
(but not null due to slight body asymmetry) when sources are located at 
0◦ or 180◦ azimuth. Differences in ILD between target speech and mask-
ing sources lead to different signal-to-noise ratios (SNRs) at the two 
ears, and the one with the better SNR therefore provides more informa-
tion related to the target. This is commonly called better-ear listening. 
Moreover, differences in ITD between target and masking sources are 
also relevant, thanks to the hearing system’s ability to use phase dif-
ferences to cancel the masking signals and internally improve the SNR. 
This was explained by Durlach (1972) in his Equalization-Cancellation 
theory. It should be noted, however, that this theory represents only 
one possible explanation of how spatial cues enhance speech-in-speech 
recognition. Other works (e.g., Freyman et al., 2001; Kidd et al., 2016) 
have shown that perceived spatial separation provides relevant cues for 
effective auditory stream segregation, facilitating selective attention to 
the target and inhibition of the masker. In this view, spatial differences 
contribute to both IM and EM release.

When sources are positioned in the median plane (i.e., the symmetry 
plane perpendicular to the interaural axis, splitting the human body 
into two symmetric halves), the differences in ILD and ITD between 
target and masker are minimal—yet existing due to slight head asym-
metry, while spectral differences can be observed in terms of spatial 
cues. Both monaural and interaural cues rely on anthropomorphic 
features of the human body. For instance, monaural cues are known to 
be influenced by the ear shape, while interaural cues by the distance 
between the entrance of the ear canals (i.e., the size of the head). 
These cues can be captured via a filtering function called head-related 
transfer function (HRTF), which is effectively the transfer function from 
one spatial location to the listener’s ear. HRTFs are useful for binaural 
reproduction in simulation of realistic immersive soundfields via a pair 
of headphones. Based on morphological features, HRTFs are specific to 
each individual (Picinali and Katz, 2023). Using individually-measured 
HRTFs allows to increase sound source rendering, thus, the localisation 
accuracy these sources (e.g., Jenny and Reuter, 2020).

Assessing speech intelligibility with various HRTFs leads to differ-
ences in SRM in the horizontal plane, as binaural cues vary from one 
HRTF to the other (Cuevas-Rodríguez et al., 2019). What happens when 
sources are separated only in the median plane is a whole different 
matter. In the recent years, a few studies have been carried out further 
exploring the effect of SRM in the median plane. For example, Berwick 
and Lee (2020) observed SRM using noise maskers, when sources 
were located in the median plane. Using a loudspeaker array, they 
found a significant interaction between masker location and speech 
reception threshold (SRT), more specifically an advantage of up to 
3.5 dB with respect to the co-located condition (i.e. target and masker 
in the same position). Exploring a similar effect in the binaural audio 
domain (i.e. using headphones rather than loudspeakers), McAnally 
et al. (2002) replicated a previous study by Bolia et al. (1999) using 
individual HRTFs, with residual ITD explicitly removed, in a speech-on-
speech task. An SRM of about 1.3 dB was measured when the target and 
masker were at different elevations in the median plane (two different 
same-sex speakers were used as stimuli), demonstrating the relevance 
of spectral cues for SRM in the median plane. In a later study, Martin 
et al. (2012) repeated this experiment, further investigating the effect 
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of HRTF asymmetries on SRM in the median plane. In addition to 
the individual HRTF, they employed three other HRTFs: one with two 
left ears, one with two right ears, and another with averages of both 
ears. The individual HRTF led to higher SRM compared to any of the 
manipulated HRTFs.

Monaural spatial cues are crucial for localisation in the median 
plane, and they are highly dependent on the individual morphology 
of ears, head and torso. This suggests that, when individual HRTFs are 
degraded, or non-individual HRTFs are used, the SRM is significantly 
lower in the median plane. These conditions were explicitly assessed 
in a previous study from the authors of this manuscript (González-
Toledo et al., 2024). The protocol proposed by Martin et al. (2012) 
was extended to investigate the effect of employing individual HRTF 
on SRM in the median plane. The target and masker were taken 
from the Coordinate Measure Response (CRM, Bolia et al., 2000), and 
played simultaneously. The sources were spatialised through head-
phones at −50◦, 0◦ or +50◦ of elevation, in front of the listener. 
While in the co-located condition the percentage of correct words 
was comparable between individual and non-individual HRTFs, the 
former outperformed the latter when target and masker were spatially 
separated. More specifically, in the individual HRTF condition the 
separation resulted in an improvement of 12.5% of the SRM, while in 
the non-individual condition, this improvement was limited to 6.5%. 
The data were gathered by recruiting only native Spanish speakers, but 
using the English corpus, which may have influenced the amount of IM 
in the experiment.

The results from González-Toledo et al. (2024) and Martin et al. 
(2012) suggest that unprocessed individual HRTFs provide larger SRM 
in the median plane. This is observed because IM or EM decreased 
in the spatially separated conditions (as opposed to another HRTF). 
Considering unprocessed individual HRTFs allow a better binaural 
reproduction realism, thereby the target uncertainty decreases, leading 
to a lower IM. The amount of EM likely varies between two HRTF 
conditions because the monaural spatial cues are HRTF-dependent. 
Then, an HRTF providing more cues should provide higher SRM. Fur-
thermore, González-Toledo et al. (2024) recruited only Non-native 
English speakers (Non-native group), which may have introduced some 
additional IM. Then this effect may have interacted with the HRTF 
individualisation.

In recent years, there has been growing interest in finding al-
ternatives to acoustically measuring HRTFs for personalised binaural 
rendering. Attempts have been made to rely on behavioural experi-
ments in order to select a best-fitting non-individual HRTF for a given 
subject, but such methods have been shown to be often problem-
atic (e.g., Kim et al., 2020). Recent approaches successfully employed 
numerical methods, including computational models mimicking spatial 
hearing perception (e.g. Daugintis et al., 2023).

The study aims to investigate the relationship between task diffi-
culty — manipulated by varying the number of maskers (Rosen et al., 
2013; Freyman et al., 2004), and the native language of the partic-
ipants (Borghini and Hazan, 2018; Garcia Lecumberri et al., 2010; 
Scharenborg and van Os, 2019) — the use of individual monaural 
spatial cues, and the reliance on target glimpsing (i.e., spectro-temporal 
differences between target and masker voices). In order to quantify the 
difference between HRTFs in a consistent and repeatable manner as 
previous studies (e.g. Daugintis et al., 2023; Cuevas-Rodríguez et al., 
2019), the present study employs two main metrics, which have already 
been employed in González-Toledo et al. (2024): spectral distortion 
(SD) and the output of a SRM model proposed by Jelfs et al. (2011). 
Thereby, the relevance of these metrics to assess differences in EM 
between HRTFs is investigated. In addition, a glimsping model, in-
spired by Wasiuk et al. (2022, 2023), is integrated into the analysis 
to compute spectro-temporal differences between target and masker 
voices. Various studies showed that speech-on-speech intelligibility can 
be predicted using a glimpsing model that assesses the proportion of 
audible glimpses (Wasiuk et al., 2023, 2022; Best et al., 2017).
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A first experiment was driven by the interest in exploring the same 
protocol and conditions of González-Toledo et al. (2024), but this time 
recruiting native English speakers (Native group). The outcome (see 
3.1) was not in line with what was reported in González-Toledo et al. 
(2024), neither with Martin et al. (2012), the main dissimilarity being 
that no significant differences could be found between individual and 
non-individual HRTFs in spatially separated conditions. This prompted 
the design of a second experiment to further investigate this discrep-
ancy. The second experiment revealed important findings about the 
use of spatial cues by individuals when faced with tasks of varying 
difficulty.

2. General methods and materials

2.1. Stimuli

The CRM corpus described by Bolia et al. (2000) was used for 
both experiments. It consists of sentences following the same struc-
ture: ‘‘Ready call sign, go to colour number now’’. There are eight 
call signs, four colours and eight numbers resulting in 256 sentences 
when all combinations are considered. The corpus is recorded with 
4 male speakers and 4 female speakers. As in Martin et al. (2012), 
the original CRM recordings were used. In these recordings, sentences 
were band-pass filtered from 200 Hz to 18 kHz (the publicly available 
version being low-pass filtered at 8 kHz) and adjusted to have the same 
root-mean-square amplitude.

Both target and masker sentences were taken from the CRM corpus. 
Sentences were presented at a sound level of approximately 60 dBA, 
and the target-to-masker ratio was 0 dB. Sound source spatialisation 
was designed to approximate anechoic conditions, using either indi-
vidual or KEMAR HRTFs. The room was large and acoustically dry, 
which allowed effective windowing of the HRIRs to suppress reflections 
and closely simulate anechoic conditions. Details of this process are 
reported in González-Toledo et al. (2024) for the first experiment 
and Engel et al. (2023) for the second. In addition, the headphone 
transfer function was measured for each individual involved in either 
of the two experiments to derive a headphone equalisation filter, as 
described by Engel et al. (2022), which was then used for headphone 
compensation.

2.2. Procedure

The participants visited the premises of Imperial College London 
twice for Experiment 1. Their HRTFs were measured during a first ap-
pointment, and they performed the test during a second appointment. 
The appointments could be scheduled consecutively. For Experiment 
2, both the HRTF measurement and the speech intelligibility test were 
performed during a single session. Participants were informed about 
the purpose of the experiment when they first met the experimenter. 
All provided their written consent. Participation was voluntary and no 
monetary compensation was provided.

The procedure was similar to the one used by González-Toledo 
et al. (2024), and summarised here for convenience. An application 
was developed specifically for the series of experiments, using the 3DTI 
Toolkit (Cuevas-Rodríguez et al., 2019), a C++ open-source library for 
real-time binaural spatialisation. During the experiment, participants 
were seated, with headphones on, in the same room where the HRIRs 
were measured, in front of a monitor, and asked to interact with a user 
interface using a mouse to select their answers. The procedure was au-
tomatically sequenced for the entire experiment, without intervention 
of the experimenter. A MOTU UltraLite-mk3 hybrid audio interface was 
used to play back the stimuli, which were presented binaurally via a 
pair of Sennheiser HD650 headphones.

The spatialised sentences were presented simultaneously to the 
participants on each trial. The target sentences always used the word
Baron as call sign, plus a random combination of colour and number. 
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Maskers always used another call sign, colour and number, different 
to the ones used for the target. Participants were asked to listen to 
the target and select, among all the options, which colour-number 
combination they thought they heard in the target sentence.

Trials were grouped into blocks, and blocks into sessions. In each 
block, the target was always in the same position, which was displayed 
on the participant’s interface. In this way, each block presents six 
different conditions defined by a combination of two HRTFs and three 
masker positions, one co-located and two separated. These conditions 
were repeated three times within each block, making a total of 18 trials 
per block, which were presented in a random order using Latin squares. 
The blocks were grouped in sets of three to form sessions, so that the 
three target positions were included in each session. There were a total 
of 6 sessions plus a training session at the beginning.

In the first block of the training session, only the target sentences 
were played to allow participants to familiarise themselves with the 
voices and sentence structure. The second and third blocks included 
target and masker sentences. All target positions were tested during 
training. Feedback was provided by highlighting the button displaying 
the correct answer. After the training session, no further feedback was 
available for the rest of the experiment.

2.3. HRTF-based objective metrics

Two objective metrics are computed in order to assess whether the 
differences in the behavioural assessment data between HRTF condi-
tions can be explained by the differences in HRTF-specific numerical 
attributes. The first metric is based on spectral distortion (SD). This 
metric has been used multiple times to assess differences between 
HRTFs, as shown by Andreopoulou and Katz (2022). The computation 
starts by integrating the HRTF spectra at both ears into bands using 
ERB (equivalent rectangular bandwidth) bands to approximate human 
perception. The SD is defined as the root mean square of the difference 
between two HRTF spectra, thus quantifying how much one HRTF spec-
trum deviates from the other. The frequency range for the calculation 
is limited to the auditory frequency range (20 Hz – 20 kHz). The SD is 
computed at each ear for each target and masker HRTF spectra involved 
in the experiments. To obtain a single binaural value, the maximum 
(SDMax) across ears is considered.

The second metric involved in the present study was the speech 
intelligibility model developed by Jelfs et al. (2011) to predict SRM 
from head-related impulse responses (HRIRs) that are used to spatialise 
the target and masker signals. This model was considered to explore 
its relevance predicting SRM differences between HRTF in the median 
plane. The model can account for binaural cues in the median plane 
due to HRTF asymmetry, as well as monaural spatial cues at each 
ear. The implementation available in the Auditory Modelling Toolbox 
was considered (Majdak et al., 2022; Lavandier et al., 2022), without 
any modifications. The HRIRs are passed through a gammatone filter 
bank to simulate the auditory frequency response. First, the better-
ear SNR is estimated by comparing SNR across both ears. Second, the 
binaural unmasking advantage is computed following Culling et al. 
(2005). Finally, the values are combined and weighted across frequen-
cies, giving more weight to the frequency bands relevant for speech. 
The output provides effective SNRs (Lavandier et al., 2022), which are 
relative values. Differences in this output directly predict differences 
in intelligibility scores (in dB). To model SRM, the model must be run 
twice: once for the co-located condition, using the same HRIR input for 
both the target and masker (this should result in a 0 dB effective SNR), 
and once for the separated condition, using distinct HRIRs for the target 
and masker. The output of the co-located condition is then subtracted 
from the output of the separated condition to yield a prediction of SRM.

The two metrics deviate from each other in major ways, making 
them both worth considering. First, the Jelfs model determines the 
better ear (the ear having the higher SNR) per frequency band, while 
the SD computation is based on the broadband differences across ears. 
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Second, due to the use of a root mean square, the SD computation 
leads to the same value when target and masker locations are swapped, 
which is not true for the Jelfs model. Finally, the Jelfs model also 
considers ITD in addition to the spectral aspects. Note that the two 
metrics are based only on the difference in HRTF spectra and thus do 
not consider any temporal variations of the speech signals. This is why 
another glimpsing model is proposed in Section 3.2.

2.4. Statistical analysis

SRM data were calculated by subtracting the intelligibility scores in 
the co-located condition from those in the separated conditions. The 
resulting values were then averaged across sessions and trials, to be 
further analysed using a linear mixed-effects model. Fixed effects in the 
model corresponded to the factors under investigation (refer to each 
experiment result section for further details, Sections 3.1 and 4.1). To 
account for individual variability, listener was included as a random 
intercept. The effect of individual HRTFs The normality of the model 
residuals was assessed using the Shapiro–Wilk test. The models were 
simplified using a stepwise backward elimination procedure. The anal-
ysis focused on the fixed-effect estimated coefficients, their confidence 
intervals, and associated t-tests, with a significance level set at 0.05.

The numerical metric values were used to assess whether the vari-
ance in SRM can be explained by the variance in HRTF-based numer-
ical attributes by considering a correlation analysis. Individual SRM 
(𝑆𝑅𝑀𝑖𝑛𝑑) and differences in SRM between individual and KEMAR 
HRTF (𝑆𝑅𝑀𝐼𝑛𝑑 − 𝑆𝑅𝑀𝐾𝑒𝑚) were considered, as well as an aver-
age across spatial locations of these SRM, which were referred to as 
𝐴𝑣𝑆𝑅𝑀𝑖𝑛𝑑 and 𝐴𝑣𝑆𝑅𝑀𝑖𝑛𝑑 −𝐴𝑣𝑆𝑅𝑀𝐾𝑒𝑚, respectively. The Native and 
Non-native groups were considered separately. The correlation analysis 
for each experiment computed 16 correlation coefficients (2 metrics × 2 
native language × 4 SRM scores). A Bonferroni correction was used 
to ajust their 𝑝 − 𝑣𝑎𝑙𝑢𝑒𝑠 for testing multiple (here, 16) hypotheses per 
experiment.

3. Experiment 1

Sixteen native English speakers (10 male, 6 female) with self-
reported normal hearing participated in the test; all were staff or stu-
dents at Imperial College London. The setup used to measure HRIRs was 
similar to that described by González-Toledo et al. (2024), which pro-
vided an exhaustive description; a brief summary is provided here. Par-
ticipants were asked to place microphones in their ear canals (Knowles 
FG-23329-P07) and sit on a chair facing a pole with three loudspeakers 
(Genelec 8010A) at −50◦, 0◦, and 50◦. The HRIRs were obtained by 
convolving the binaural recordings of a sine sweep with the sine sweep 
inverse signal. The measurement was performed in the room used to 
measure the SONICOM HRTF dataset as in Engel et al. (2023).

The signals were spatialised using either the individual HRTF or the 
KEMAR HRTF. For Experiment 1, the target was played simultaneously 
with one masker. The masker and target sentences were always uttered 
by different speakers of the same sex. They were simulated at three 
different elevations in the median plane (i.e., 0◦ azimuth): 50◦, 0◦, 
and −50◦. This made a total of 18 conditions: 2 (HRTFs) × 3 (target 
positions) × 3 (masker positions).

3.1. Results

The intelligibility data collected in Experiment 1 are shown in Fig.  1 
as blue symbols. The average percentages of correct words across par-
ticipants were between 60% and 72% for the individual HRTF condition 
(left panel) and between 53% and 75% for the KEMAR HRTF condition 
(right panel). Increasing the target-masker spatial separation did not 
necessarily increase the percentage of correct answers. The Native 
group obtained higher intelligibility scores than the data collected with 
the Non-native group in González-Toledo et al. (2024); however, the 
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benefit of increasing the spatial separation between target and masker 
was more pronounced for the Non-native group. The behaviour in the 
data collected by Martin et al. (2012) was quite different from the one 
obtained here, and this is further discussed in Section 5. The overall 
discrepancy with the existing data was the motivation for conducting 
Experiment 2.

The observations made above are further investigated with a regres-
sion model. The target location, masker location and HRTF were set as 
fixed effects. The null hypothesis of the Shapiro–Wilk normality tests 
was not rejected (𝑝 = 0.27); therefore linear mixed-effects models could 
indeed capture all the relevant effects. SRM was 10% higher when the 
masker was placed at 0◦ versus −50◦ (𝛽 = 10.07, CI = [3.86 16.28], 
𝑡 = 3.38, p = 0.002). The HRTF factor did not contribute significantly to 
the model fit, and was therefore excluded due to its negligible effect in 
this experimental setup. This was confirmed by the model parameters 
before stepwise regression, which indicated a decrease in mean SRM 
for the KEMAR HRTF, however, the effect size was low relative to 
the confidence intervals (𝛽 = −1.38, CI = [−22.14 19.36], 𝑡 = −0.12, 
p = 0.89).

The results of the correlation analysis between numerical metrics 
and SRM (see Table  1, top table) differ between the two groups, proba-
bly because the effect of spatial separation between target and masker 
was not significant for the Native group. The only significant correla-
tion was between Individual SRM and the Jelfs SRM for the Non-native 
group, when considering the scores averaged across spatial locations. 
A negative coefficient was reported, which means that lower pre-
dicted SRM (Jelfs model) have higher measured SRM—an unexpected 
outcome regarding EM, assuming that SRM would increase if HRTF-
based spectral cues were more important. None of the correlations 
involving differences between HRTF conditions were significant. The 
associated linear regressions are plotted in the four left panels of Fig. 
2 as solid lines in blue or orange for the Native or Non-native groups, 
respectively. The top panels depict the data obtained with SRM scores 
concatenated across spatial positions, while the bottom panels show 
the scores averaged across spatial conditions. In the second top panel 
(individual SRM vs. Jelfs model), the slopes of the linear regressions are 
negative, consistent with the negative correlation coefficients reported 
in Table  1. The data points show considerable dispersion, limiting the 
strength of any conclusions regarding the relationship between the 
measured and predicted SRM values.

3.2. Glimpsing analysis

The difference in intelligibility data observed between the Native 
and Non-native groups suggests that the two groups used different 
strategies to complete the task. While the Non-native group benefited 
from the spatial separations between target and masker, the Native 
group performed similarly regardless of the masker and target place-
ment. This may indicate that the Native group relied on spectral 
glimpsing, integrating speech features across time and frequency. Such 
a behavioural difference may be due to the increased task difficulty 
caused by the use of a foreign speech corpus. To investigate this further, 
a glimpsing analysis was carried out to assess whether the Native 
group indeed relied more on this strategy than the Non-native group. 
Such models provide accurate intelligibility predictions (e.g., Wasiuk 
et al., 2023; Edraki et al., 2022; Best et al., 2017). The proposed 
implementation was inspired by Wasiuk et al. (2023). The glimpsing 
analysis conducted here was designed to investigate whether intelli-
gibility scores increased with target glimpsing, and how this interacts 
with spatial separation. In this way, it serves more as a descriptive tool 
rather than a predictive model, meaning that we are not employing 
target glimpsing to be directlyconverted into percentages of correct 
answers. Instead, it was used as a means to further analyse the data.

Only the monaural versions of the sentences were used for the 
analysis, in order to isolate the effect of spectral differences between 
different talkers. The analysis consisted of four main stages:
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Fig. 1. Average percentage of correct answers measured in Experiment 1. The figure is divided into six panels, representing the combinations of HRTF and target 
elevation conditions. The masker elevations vary along the abscissa. The blue symbols depict the data collected for the current study while the orange ones are 
the data collected by the University of Malaga with the Non-native group in the previous study (González-Toledo et al., 2024). For sake of comparison, the data 
of Martin et al. (2012) are also displayed, as black symbols. The different marker symbols are showing different target elevations (circles for 0◦, crosses for +50◦, 
and upward triangles for −50◦).
Table 1
Results of the correlation analysis between numerical metrics and behavioural data of Experiment 1 (top table) and Experiment 
2 (bottom table). The correlation analysis was conducted separately for the Native and Non-native groups. Each correlation 
was computed between a numerical metric and SRM data. The corresponding 𝑝-value of each coefficients are represented as * 
(𝑝 < 0.05), ** (𝑝 < 0.01), *** (𝑝 < 0.001) or **** (𝑝 ≤ 0.0001). A Bonferroni correction adjusted the 𝑝-value to the 16 tested 
hypotheses per experiment.
 𝑆𝑅𝑀𝐼𝑛𝑑 𝑆𝑅𝑀𝐼𝑛𝑑 − 𝑆𝑅𝑀𝐾𝑒𝑚 𝐴𝑣𝑆𝑅𝑀𝐼𝑛𝑑 𝐴𝑣𝑆𝑅𝑀𝐼𝑛𝑑 − 𝐴𝑣𝑆𝑅𝑀𝐾𝑒𝑚 
 Exp 1
  Natives  
  MaxSD −0.02 0.04 −0.06 0.04  
  Jelfs −0.21 0.03 −0.24 −0.11  
  Non-natives  
  MaxSD 0.18 −0.05 0.14 0.25  
  Jelfs −0.32∗∗ −0.06 0.43 −0.03  
  
 Exp 2  
  Natives  
  MaxSD 0.61 0.00 0.35 0.19  
  Jelfs 0.83∗∗∗∗ 0.24 0.95∗∗∗ 0.45  
  Non-natives  
  MaxSD 0.28 −0.16 −0.09 −0.16  
  Jelfs 0.46 0.02 0.15 −0.06  
Fig. 2. SRM scores as a function of the objective metrics for Experiment 1 (four left panels) and Experiment 2 (four right panels). Only the SRM obtained with 
individual HRTF are depicted here. The top panels show the SRM scores concatenated across spatial conditions, and the bottom panels the SRM average across 
spatial conditions. The solid lines represent the linear regressions and the shaded area the 95% confidence bounds. The same colour pattern as in Fig.  1 is used 
to differentiate the different groups.
5 
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• pre-selection of the target-masker sentence pairs included in the 
study;

• short-term spectral analysis of each pair to derive a spectral 
glimpsing value;

• classification of the sentences into 5 groups based on the quintiles 
of their spectral glimpsing values;

• classification of the participants’ answers according to the sen-
tence pairs used in the trials.

The pre-selection of sentences consisted in reducing the number of 
sentence combinations to only the ones involved in the experiment. 
Target sentences were those using ‘‘baron’’ as the call sign. Hence, the 
total number of target sentences was 256 (8 target digits × 4 target 
colours × 8 speakers). Masking sentences included all those using any 
of the remaining call signs. Additionally, each masker sentence had to 
be uttered by a same-sex speaker, and both the colour and digit had to 
differ from those of the target. For each target sentence, 441 masking 
sentences were possible (3 other same-sex speakers × 7 call signs × 7 
digits × 3 colours). This resulted in 112,896 target-masker sentence 
combinations to analyse.

The short-term spectral analysis started with framing the target 
and masking sentences using a 12 ms square window without overlap. 
Next, we derived the short-term spectra using a gammatone filterbank. 
We finally computed and integrated the absolute SNRs for each band, 
applying a Speech Intelligibility Index (SII) weighting. This process 
allowed us to obtain a broadband value for absolute spectral glimps-
ing. Absolute SNRs were considered because, in scenarios with two 
competing talkers, absolute intensity differences matter more than 
relative ones as argued by Brungart (2001). The resulting spectral 
glimpsing values were collected across all target-masker sentence pairs 
and grouped into five quintiles. Thus, target-masker sentences were 
categorised into 5 groups.

Finally, participants’ answers were grouped according to the spec-
tral glimpsing classification of the sentences and averaged to obtain a 
percentage of correct answers for each quintile. The method was ap-
plied to all participants’ answers (Coloc + Separ), as well as separately 
for those obtained in the co-located condition (Coloc-only), and the 
separated condition (Separ-only).

Ideally, the percentage of correct answers should increase with 
higher spectral glimpsing quintiles, as more cues become available. 
Moreover, if participants relied on spectral glimpsing rather than spa-
tially induced spectral cues, the Coloc+Separ, Coloc-only and Separ-
only curves would overlap. Conversely, if spatial separation served as 
the main cue for participants, the Coloc-only and Separ-only curves 
would fall below and above the Coloc+Separ curve, respectively.

The results of the analysis are shown in Fig.  3. The percentages of 
correct answers increase with spectral glimpsing (left panel), indicating 
that both Native (blue) and Non-native (orange) groups used spectral 
differences between voices to unmask the target. The effects of spectral 
glimpsing on behavioural data are approximately 40% for both groups.

The dashed lines in the left panel represent the average answers 
obtained in the co-located condition (pentagrams) and the separated 
spatial condition (downward triangles). The differences between these 
lines reflect the SRM, displayed in the right panel. The benefits of 
spectral glimpsing and spatial cues seem to depend on the listeners’ 
native language.

To confirm those observations, a linear mixed-effects model was 
designed to analyse the percentage of correct answers. The factor 
listener was set as random effect, while source spatial separation (Co-
located or Separated), HRTF (Individual or KEMAR), native language 
(Natives or Non-natives), and spectral glimpsing (five spectral glimps-
ing quintiles) were set as fixed effects. Since the residuals of this model 
were not normally distributed (Shapiro–Wilk test, 𝑝 = 0.004), a Box–Cox 
transformation was applied to identify the optimal 𝜆 that maximises the 
normality of model residuals (here, 𝜆 = 1.71). A stepwise regression 
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similar to the method described in Section 2.4 was performed to 
simplify the model.

A summary of the model parameters is presented in Table  2. The 
variation in the percentage of correct answers is primarily driven by 
spectral glimpsing, which shows an increase of approximately 52% 
between the first and last quintiles (𝛽 = 51.80, CI = [47.72, 55.89], 𝑡 =
24.77, 𝑝 < 0.0001). The second most notable effect is native language, as 
the Non-native group exhibited lower intelligibility scores (𝛽 = −13.58, 
CI = [−25.35, −1.82], 𝑡 = −2.26, 𝑝 = 0.03). Intelligibility scores were 
higher in the separated conditions (𝛽 = 5.67, CI = [0.97, 10.37], 
𝑡 = 2.36, 𝑝 = 0.019). However, the interaction between the separated 
condition and the KEMAR HRTF degraded intelligibility (𝛽 = −7.46, CI 
= [−12.62, −2.29], 𝑡 = −2.82, 𝑝 = 0.005). This effect can be explained 
by the integration of the dataset from (González-Toledo et al., 2024) 
into the present analysis, as their findings indicated an effect of HRTF 
on SRM.

4. Experiment 2

Based on the findings from Experiment 1, a second experiment was 
conducted. The rationale was to increase task difficulty by adding a sec-
ond masking sentence, thus decreasing spectral glimpsing and allowing 
for a deeper investigation of behavioural strategies in a speech-on-
speech paradigm. In particular, this aimed to provide insight into the 
relationship between task difficulty (as varied by language proficiency 
and number of maskers) and SRM. This experiment reproduces some of 
the conditions reported by Best (2004).

The process for measuring HRTFs in Experiment 2 was similar to 
that of Experiment 1, except for changes in the measurement setup. 
The SONICOM HRTF setup (Engel et al., 2023) was used instead, 
as participants were recruited only at Imperial College London and 
could attend the measurement session in the lab. The procedure was 
shortened, since only positions in the median plane were of interest for 
this experiment.

Ten natives English speakers1 (7 males, 2 females, 1 prefer not to 
say) and ten non-native English speakers (7 males, 3 females) subjects, 
all with self-reported normal hearing, took part in Experiment 2. They 
were all students or staff members from Imperial College London. 
The non-native English speakers had spent on average 7 years in an 
English-speaking country, making the results broadly comparable to 
those of González-Toledo et al. (2024), where the average certified 
English level was B2 (‘‘[...] a person can understand the main ideas of 
complex texts and can interact with native speakers with fluency and 
spontaneity’’.).

In order to increase the difficulty of Experiment 2, the simplest 
and most effective adjustment was considered to be the increase of 
the number of maskers to two, reducing their individual level by 
−3 dB. This allowed for the SNR to remain unchanged, but for the 
task difficulty to increase due to informational masking (Freyman et al., 
2004). The two maskers were always co-located to each other, resulting 
in a two-talker masker. The masking sentences were always uttered 
by a different speaker than the target; and the speakers’ sex could 
differ. The target was always simulated in front of the listener (0◦
azimuth, 0◦ elevation) while the two maskers were simulated also 
frontally, at three elevations (45◦, 0◦, and −45◦). This generated a total 
of 6 conditions (2 HRTFs × 1 target position × 3 masker positions). 
It is important to underline again that the sole difference between 
experimental procedures in Experiment 2 and 1 was due to the addition 
of the second masker and reduction of the individual level of −3 dB.

1 One also took part in Experiment 1.
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Table 2
Parameter estimates from the linear mixed-effects model assessing the fixed effects of tarket-masker location (Co-located or 
Separated), native language (Natives or Non-natives), HRTF (Individual or KEMAR), spectral glimpsing quintiles (SGq1, SGq2, 
SGq3, SGq4, SGq5), and interactions on the percentage of correct answers for Experiment 1. The listener factor is set as random 
effect. SE stands for standard error; df for degrees of freedom; CI for confidence interval at 95%.
 Effect Estimate (𝛽) SE df 𝑡-value 𝑝-value CI (95%)  
 (Intercept) 50.39 4.82 49 10.46 <0.0001 [41.00, 59.78]  
 Separated 5.67 2.41 695 2.36 0.019 [0.97, 10.37]  
 Non-natives −13.58 6.02 39 −2.26 0.030 [−25.35, −1.82] 
 SGq2 10.41 2.09 695 4.98 <0.0001 [6.33, 14.49]  
 SGq3 31.47 2.09 695 14.57 <0.0001 [26.39, 34.55]  
 SGq4 43.89 2.09 695 20.98 <0.0001 [39.80, 47.97]  
 SGq5 51.80 2.09 695 24.77 <0.0001 [47.72, 55.89]  
 KEMAR 2.18 1.87 695 1.16 0.25 [−1.47,5.83]  
 Separated x Non-natives 7.71 2.67 695 2.89 0.004 [2.50, 12.92]  
 Separated x KEMAR −7.46 2.65 695 −2.82 0.005 [−12.62, −2.29] 
Fig. 3.  Left panel: Percentage of correct answers (with standard errors) plotted as a function of spectral glimpsing quintiles. Solid lines represent the percentages 
obtained considering both co-located and separated conditions. Dotted lines indicate the percentages for the co-located setup (pentagram symbols) and the 
separated setup (downward triangles). Blue corresponds to Native results and Orange to Non-native results. Right panel: Differences in percentages of correct 
answers as a function of spectral glimpsing quintiles. The black dotted line represents the difference between the Native and Non-native groups across spatial 
conditions. Differences in intelligibility between separated and co-located setups — i.e. SRM scores — are shown in solid lines using the same colour scheme as 
in the left panel.
4.1. Results

The results of Experiment 2 are displayed in Fig.  4. The effect of the 
spatial separation between target and maskers was larger than in Exper-
iment 1, which can be attributed to the type of masking induced by the 
two-talker masker involved in Experiment 2. This addition substantially 
decreased the percentage of correct answers for the co-located condi-
tions (from about 60% in Experiment 1, to 35% in Experiment 2), while 
percentages for the separated conditions remained roughly unchanged. 
The SRM, expressed as the difference in percentage of correct answers 
between the co-located and separated conditions, reached 40% in some 
cases. Intelligibility scores were higher when sources were simulated 
with individual HRTFs.

On average, across listening conditions, the Non-native group per-
formed similarly to the Native group, unlike in Experiment 1. This 
convergence likely reflects that, the Non-native group showed better 
English proficiency than those in González-Toledo et al. (2024), or 
the two-talker masker mitigated group-related performance differences 
by promoting a stronger reliance on available spatial cues and spec-
tral glimpsing. These experimental conditions replicate those in Best 
(2004), and the current perceptual data led to intelligibility scores 
similar to those reported in the original study.
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The qualitative observations were further examined using a linear 
mixed-effects model to analyse SRM data. The fixed effects considered 
were HRTF, native language, and masker location. The results of the 
Shapiro–Wilk test (𝑝 = 0.26) suggest that all the effects can be captured 
by linear mixed-effects models. The mean SRM was 6.9% lower for 
the KEMAR HRTFs than for the individual HRTFs (𝛽 = −6.94, CI = 
[−12.13–1.76], 𝑡 = −2.62, p = 0.01); and 15.6% lower when the masker 
was placed at +45◦ rather than −45◦ (𝛽 = −15.56, CI = [−20.74–10.37], 
𝑡 = −5.87, 𝑝 < 0.0001). The native language factor was excluded from 
the final model during the stepwise backward elimination procedure. 
This suggests that, under Experiment 2 conditions, the effect of native 
language was not statistically meaningful. This model before simplifica-
tion indicated that the Non-native group showed a mean SRM slightly 
lower than the Native group but this was marginal compared with 
the confidence interval (𝛽 = −0.55, CI = [−12.37 11.26], 𝑡 = −0.09, 
p = 0.93).

The correlation analysis (see Table  1, bottom table) highlights a few 
relevant differences between the Native and Non-native groups for the 
Individual HRTF condition. The two HRTF-based metrics considered 
in the analysis were significantly correlated with SRM for the Native 
group, whereas for the Non-native group no correlation coefficients 
were significant after Bonferroni correction. None of the correlations 
involving differences between HRTF conditions reached significance. 
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Fig. 4.  Intelligibility scores collected in Experiment 2. The figure is split into 2 panels for individual (left-hand side) and KEMAR (right-hand side) HRTF 
conditions. The masker elevations changed along the abscissa axis. The blue and orange symbols depict the data collected with the Native and Non-native groups, 
respectively. For sake of comparison, the data of Best (2004) are also displayed, as black symbols.
Fig. 5.  Left panel: Percentage of correct answers (with standard errors) plotted as a function of spectral glimpsing quintiles. Solid lines represent the percentages 
obtained considering both co-located and separated conditions. Dotted lines indicate results from the co-located setup (pentagram symbols) and the separated 
setup (downward triangles). Blue corresponds to the Native group, and orange to the Non-native group. Right panel: Differences in percentage of correct answers 
are plotted as a function of spectral glimpsing quintiles. The differences in intelligibility between the separated and co-located setups (i.e., SRM scores) are shown 
in solid lines following the same colour scheme as in the left panel. The solid black line shows the difference between the Native and Non-native groups across 
spatial conditions. For comparison, the difference between the Native scores in Experiment 1 and the Non-native scores reported in González-Toledo et al. (2024) 
is also shown (dotted black line).
In Fig.  2, the associated linear regressions are plotted in the four right 
panels. The confidence bounds for the Native group are narrower than 
for the Non-native group, which indicates more uncertainty in the 
regression for the latter.

4.2. Glimpsing analysis

The sentence-based spectral glimpsing quintiles were computed 
following the same steps as in Experiment 1 (see Section 3.2), using 
the spectra of target and masker sentences defined according to the 
criteria of Experiment 2 (see Sections 2 and 4). Spectral glimpsing was 
computed by integrating the absolute difference between the target 
spectrum and the combined masker spectrum, using a SII weighting. 
The resulting values were then grouped into quintiles.
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The answers of each trial of Experiment 2 (excluding the training 
trials) were subsequently categorised using the combinations of target 
and masker sentences, along with the spatial conditions and native 
languages. If a given combination corresponded to the 𝑛th spectral 
glimpsing quintile, the answer was assigned to the 𝑛th category. The 
mean percentages for these categories are displayed in Fig.  5.

In the left panel, data corresponding to the Native and Non-native 
groups are shown in blue and orange, respectively. Comparing the 
dashed lines with pentagrams (co-located condition) to those with tri-
angles (separated condition) suggests that spatial cues were irrelevant 
when the target glimpsing was high. This is further confirmed by the 
coloured lines in the right panel, which depict SRM. These results sug-
gest that both groups relied predominantly on spatially induced spectral 
cues, while spectral glimpsing contributed little, except glimpsing was 
sufficiently large—an effect not observed in Experiment 1.
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Table 3
Parameter estimates from the linear mixed-effects model assessing the fixed effects of tarket-masker location (Co-located or 
Separated), native language (Natives or Non-natives), HRTF (Individual or KEMAR), spectral glimpsing quintiles (SGq1, SGq2, 
SGq3, SGq4 or SGq5), and interactions on the percentage of correct answers for Experiment 2. The listener factor is set as random 
effect. SE stands for standard error; df for degrees of freedom; CI for confidence interval at 95%.
 Effect Estimate SE df 𝑡-value 𝑝-value CI (95%)  
 (Intercept) 25.70 7.37 224 3.49 0.0006 [11.86, 39.54]  
 Separated 39.50 9.70 295 4.07 0.0001 [21.28, 57.72]  
 SGq5 35.10 15.06 300 2.33 0.02 [6.84, 63.46]  
 SGq5:KEMAR 50.76 19.31 302 2.63 0.009 [14.31, 87.00]  
 Separated x Non-natives x SGq2 33.90 15.83 295 2.14 0.03 [4.16, 63.65]  
 Separated x SGq5 x KEMAR −62.50 23.75 301 −2.63 0.009 [−107.07, −17.74] 
Similarly to Experiment 1, a linear mixed-effects model was em-
ployed. The factor listener was set as a random effect, while source 
spatial separation (Co-located or Ceparated), HRTF (Individual vs. KE-
MAR), native language (Natives or Non-natives), and spectral glimpsing 
(5 spectral glimpsing quintiles) were set as fixed effects. The normality 
of the residuals was verified.

A summary of the model parameters with significant effect is pre-
sented in Table  3. The variations in the percentage of correct answers 
were about the same for the separated condition (𝛽 = 39.50, CI = 
[21.28, 57.72], 𝑡 = 4.07, 𝑝 = 0.0001) and SGq5 (𝛽 = 35.10, CI 
= [6.84, 63.46], 𝑡 = 2.33, 𝑝 = 0.02). On one hand, this supports 
measurement of SRM and suggests that only high spectral glimpsing 
improved prediction scores. There was a significant interaction between 
SGq5 and KEMAR HRTF (𝛽 = 50.76, CI = [14.31, 87.00], 𝑡 = 2.629, 
𝑝 = 0.009). Moreover, a significant three-way interaction was reported 
between the separated condition, the fifth quintile, and KEMAR HRTF 
(𝛽 = −62.50, CI = [−107.07,-17.], 𝑡 = −2.63, 𝑝 = 0.009). This indicates 
that the effect of SGq5 on intelligibility was significantly stronger when 
combined with KEMAR HRTF compared to individual HRTF, but the 
effect of spatial separation was significantly reduced when combined 
with SGq5 and KEMAR HRTF. Both observations together suggest 
that individual HRTFs provided further improvement for the separated 
condition when the trial presented high spectral glimpsing (SGq5). 
There was a significant three-way interaction between the Separated 
condition, the Non-native group, and SGq2 (𝛽 = 33.90, CI = [4.16, 
63.65], 𝑡 = 2.14, 𝑝 = 0.033), i.e., the effect of spatial separation was 
not consistent across all conditions. It was specifically enhanced for the 
Non-native group in the second glimpsing quintile condition.

5. General discussions

5.1. Comparison with the replicated experiments

Experiment 1 was conducted as a replication of the study by 
González-Toledo et al. (2024) but recruiting a Native group. The study 
by González-Toledo et al. (2024) was itself conceptually based on 
the framework proposed by Martin et al. (2012). Thus, Experiment 1 
also builds on that conceptual basis while replicating the procedures 
described in González-Toledo et al. (2024). More specifically, in Martin 
et al. (2012) the SRM was measured using the same source positions 
as the ones employed in Experiments 1, as well as different HRTFs 
conditions, including the individual participants’ HRTFs. The main 
difference between Martin et al. (2012) and González-Toledo et al. 
(2024) was the participants, in the first case the Native group, in the 
second case not. This is possibly the main reason why the observed 
SRM was 17% in the first and 12.5% in the second, indicating that 
higher language proficiency resulted in a smaller SRM advantage. 
Furthermore, Martin et al. (2012) normalised the SNR at 0 dB at each 
ear, while in González-Toledo et al. (2024) the SNR was normalised 
at 0 dB across ears. This proposed normalisation could have been 
beneficial, as it provides an ear with a better SNR. In doing so, the 
degradation due to the native language condition when comparing the 
data from the two experiments could have been underestimated.
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Regarding the Native group in Experiment 1, HRTF individualisa-
tion was not reported as a significant factor for SRM, which did not 
correspond to what was found in González-Toledo et al. (2024) with 
the Non-native group. Moreover, the percentages of correct words for 
any conditions were about the same as for the co-located condition 
in Martin et al. (2012). This was a surprising result that led to further 
investigations. Experimental differences (including software and hard-
ware) were generally discarded as an explanation for the discrepancies, 
because the exact same application, HRTF measurement setup and 
signal processing chain were used in both experiments and locations. 
This absence of logical explanations was the main motivation to design 
and run Experiment 2, which was based on Best (2004), involving 
conditions similar to Experiment 1 but with a two-talker masker instead 
of one. There was also the opportunity to maximise the chance of 
measuring SRM by increasing the number of spatially co-located speech 
maskers (Hawley et al., 2004; Freyman et al., 2004). The percentages of 
correct words and SRMs measured in Experiment 2 were similar to the 
data from the replicated study by González-Toledo et al. (2024). This 
suggested again the absence of hardware or software problems. As clear 
from the results presented above and discussed later on, the addition of 
a masker seems to provide an explanation for the discrepancy between 
the results of González-Toledo et al. (2024) and Experiment 1, but not 
yet for the differences between Experiment 1 and Martin et al. (2012), 
where an SRM advantage was indeed found for the Native group and 
employing one single masker. Although beyond the scope of this work, 
further explorations are needed to explain these discrepancies.

5.2. On the interaction between individual HRTF and task difficulty

The present study manipulated task difficulty by introducing a 
second speech masker in Experiment 2 and by recruiting participants 
with varying degrees of English proficiency (Natives and Non-natives). 
These two factors introduce variations in EM and IM that may interact 
between each other as well as with HRTF individualisation. The current 
section aims to review these effects and compare them to the present 
dataset and the dataset from González-Toledo et al. (2024).

The amounts of EM and IM increased with the introduction of a 
second masker in Experiment 2. In both experiments, the long-term 
broadband SNR was maintained at 0 dB; however, the spectro-temporal 
overlaps between the target and the two-talker maskers also increased, 
likely resulting in higher short-term, band-specific EM. Additionally, 
when the masker comprises multiple speech signals, IM is maximised 
when considering a two-talker masker (Freyman et al., 2004). SRMs 
scores in González-Toledo et al. (2024) and Experiment 1 were much 
lower compared to those measured in Experiment 2. This proves that 
the amount of masking (IM and EM) increased due to the two-talker 
masker in Experiment 2. Moreover, Non-natives are more affected 
by IM (Garcia Lecumberri et al., 2010) than Natives; however, this 
difference is likely reduced as language proficiency increases. In Ex-
periment 2, the Non-native group was recruited in an English-speaking 
country, and was likely more proficient in English than the group 
in González-Toledo et al. (2024), who lived in a Spanish-speaking coun-
try. Therefore, the task may have been easier for the Non-native group 
in Experiment 2. Altogether, this suggests that IM and EM increased 
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in Experiment 2 due to the two-talker masker, while IM decreased 
for the Non-native group due to their improved language proficiency. 
This was confirmed by the model designed for the glimpsing analysis. 
In Experiment 1, the Non-native group obtained lower intelligibility 
scores (see Table  2), but this trend was not observed in Experiment 
2 (Non-native effect: 𝛽 = 8.81, CI = [−7.71; 25.3], 𝑡 = 1.00, 𝑝 =
0.32). In conclusion, the improved English proficiency of the Non-
native group in Experiment 2 compensated for the increase in masking, 
achieving intelligibility scores similar to the Native group. Of course 
our binary categorisation of language proficiency does not allow to 
properly characterise the relationship between these factors, but in this 
context it would have been complex to use a more granular definition, 
and would not have allowed us to reach sufficient statistical power. 
Further studies are therefore needed to better clarify the matter.

These variations in EM and IM may interact with the effects of 
HRTFs. Individualising HRTFs potentially reduces IM by enhancing 
the spatial rendering of the sound sources (Freyman et al., 1999, 
2004), thereby improving stream segregation. Furthermore, each HRTF 
provides an intrinsic amount of spatially induced spectral cues that 
facilitate release from EM. The interaction between the effect of HRTF 
individualisation and the one of language proficiency on IM can explain 
the discrepancy between Experiment 1 and the data from González-
Toledo et al. (2024). The Non-native group recruited by González-
Toledo et al. (2024) faced more IM due to language proficiency, which 
increased IM, thus decreasing their percentage of correct words. How-
ever, the integration of individual HRTFs allowed to provide cues 
that compensate for this increased IM. This is plausible explanation 
of the significant effect of HRTF individualisation on SRM reported 
by González-Toledo et al. (2024) but not in Experiment 1. In Exper-
iment 2, linear mixed-effects model developed to analyse SRM data 
reported an effect size of the interaction between HRTF and native 
language that was rather low as opposed to the confidence interval 
(𝛽 = 1.11, CI = [−12.99, 15.21], 𝑡 = 0.149, 𝑝 = 0.88), which means 
that both groups were similarly affected by HRTF individualisation, 
and then the Non-native group did not experience higher IM due to 
language proficiency.

Regarding the interaction between the effect of HRTF individualisa-
tion and type of maskers, in Experiment 2 an approximate increase in 
SRM of 6.9% (on average across groups) was measured with individual 
HRTFs as opposed to the SRM collected with the KEMAR HRTF. A 
similar trend was observed in González-Toledo et al. (2024). These 
improvements could not be explained by differences between objective 
HRTF-based metrics for KEMAR and individual HRTF, suggesting that 
the improvement can be due to the fact that employing individual HRTF 
provides a more consistent perceived source position, which might 
improve SRM by increasing the release from IM. Another explanation 
could that participants were unable to efficiently employ the unfamiliar 
spatial cues in the KEMAR HRTF.2 This effect was not observed for the 
Native group in Experiment 1, and this can be explained by the fact 
they relied on spectral glimpsing instead of spatially induced spectral 
cues. This supports the idea that the benefit of familiar spatial cues 
cannot be assessed by a simple HRTF-based energetic model in this 
setup, likely because IM is involved.

The correlation coefficients in Experiment 2 were notably high for 
the Native group when comparing individual SRM scores with the Jelfs 
model output, whose predictions explained at least 69% (𝑟2 ≥ 0.69) of 
the SRM variance. This suggests that individuals with HRTFs providing 
more cues (due to their morphology) benefit from improved SRM. In 
other words, HRTFs equally well-suited to each listener (e.g., individu-
alised HRTFs) provide intrinsic release from EM, while the release from 

2 It might well be that the KEMAR HRTF is in general of lower quality 
compared to the individual ones. However, the KEMAR HRTF was measured 
in the same lab and using the same setup used as the individual HRTFs, and 
it has been extensively employed in prior spatial hearing research as a generic
filter, making it a suitable candidate for comparison in this study.
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IM remains similar (and is likely maximised). The variation in SRM 
observed when using non-individual HRTFs (in this case, KEMAR) is 
therefore related to each participant’s ability to utilise non-individual 
cues, rather than the actual differences in objective HRTF cues.

5.3. Objective metrics

Two kinds of objective metric were used to analyse the data: (1) two 
HRTF-based metrics to assess the differences between HRTFs or source 
locations (see Section 2.3); and (2) a sentence-based metric evaluating 
glimpsing (see Sections 3.2 and 4.2). The HRTF-based metrics were 
correlated with the SRM data to evaluate the participants’ ability 
to use both spatially induced and intrinsic spectral cues to improve 
intelligibility. This is a way to evaluate the spatial release from EM 
that is inherent to the HRTFs, and to advance on the development of 
a model/method to numerically quantify perceptually-relevant differ-
ences between HRTFs. On the other hand, the glimpsing model is more 
adapted to the conditions involving speech maskers, because it con-
siders target audibility and spectro-temporal signal modulations (e.g., 
Wasiuk et al., 2022, 2023; Best et al., 2017).

In Experiment 1, MaxSD was not significantly correlated with SRM. 
The Jelfs model outputs, however, showed a negative correlation with 
SRM when data were concatenated across spatial conditions for the 
Non-native group (González-Toledo et al., 2024). This result was sur-
prising, as it contradicted the expected effect of release from EM. 
Nevertheless, Brungart (2001) demonstrated that, in a two-competitive-
talker paradigm, decreasing the target level below 0 dB SNR does not 
necessarily impair intelligibility. The most likely explanation for this 
effect is that listeners can segregate two concurrent speech sources 
based on level differences. Thus, the a priori negative effect of de-
creasing the SNR on intelligibility (i.e, increased EM) may be offset 
by improved source segregation (i.e., reduced IM). It is noteworthy, 
however, that this conclusion should be interpreted with caution, as 
only one correlation coefficient was significant, and its squared value 
was low (𝑟2 ≤ 0.10), meaning that the effect of HRTF-based cue 
differences between source locations was likely secondary for this task.

In Experiment 2, MaxSD was not significantly correlated with SRM. 
The Jelfs model predictions were better correlated with the individual 
SRM for the Native group. The computation of the Jelfs model chooses 
the better-ear per frequency bands and considers relative values in 
SNR, while the MaxSD metric relies on the absolute difference in SNR 
and selects the better-ear based on broadband values (see Section 2.3). 
In other words, this exhibits the importance of relative SNRs and/or 
frequency-dependent better ear in the individual HRTF condition in 
Experiment 2.

The glimpsing model was computed to investigate the relationship 
between glimpsing, spatial cues, IM, and native language. In the analy-
sis of the data from Experiment 1 and in González-Toledo et al. (2024), 
the variation in intelligibility due to spectral glimpsing was estimated to 
be about 52% (increase from the lowest to the highest quintiles). Mean-
while, the effect of source location was approximately 6% for the Native 
and Non-native groups, with an additional improvement of 8% for the 
Non-native group in González-Toledo et al. (2024), as shown by Table 
2. Thus, speech intelligibility was primarily driven by the intrinsic 
spectral differences between the target and masker voices (i.e., spectral 
glimpsing), while the additional spectral differences introduced by the 
HRTF with changes in elevation (i.e., spatially induced cues) had only a 
minor effect. In other words, the spectral distinctiveness of the original 
speech recordings dominated over the spectral modifications produced 
by the source location in this experimental setup.

In Experiment 2, which involved a two-talker masker, increasing 
spectral glimpsing improved speech intelligibility, and this improve-
ment appeared to benefit both Native and Non-native groups similarly 
(black solid line, right panel, Fig.  5). Furthermore, the dashed lines 
in the left panel may reflect an interaction between the influence of 
spectral glimpsing and spatial conditions. This is confirmed by the 
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linear mixed-effects model presented in Table  3 only for the Non-native 
group, which means it successfully combined spatial cues and spectral 
glimpsing to solve the task.

Furthermore, The co-located curves (dashed lines with pentagrams) 
rise substantially at the highest level of spectral glimpsing, indicat-
ing that participants better understood the target when there was a 
relatively high spectral difference between the target and maskers. 
Conversely, this increase was not observed for the separated conditions 
(dashed lines with downward triangles), or was observed to a lesser 
extent. This suggests that the primary cue in this experiment was the 
spatial condition. This is partially confirmed by Table  3, which indi-
cates a slightly larger effect size for the separated condition compared 
to the fifth spectral glimpsing quintile. However, this conclusion can 
be only partially validated as their confidence intervals substantially 
overlap. These observations align with the conclusions of Wasiuk et al. 
(2023), whose experimental design is comparable to that of Experiment 
2. Wasiuk et al. measured speech recognition involving a two-talker 
masker, which was either co-located with the target or spatially sepa-
rated along the horizontal plane. They concluded that the amount of 
glimpsing required to understand the target is larger in the co-located 
spatial condition. This is likely because IM was maximised in the co-
located condition and substantially reduced in the separated condition, 
as spatial cues improved target segregation. The present study extends 
this conclusion to the median plane.

An opposite pattern can be observed in the use of spectral glimpsing 
and spatially induced spectral cues when comparing the two experi-
ments. In Experiment 1, participants relied more on spectral glimpsing, 
as the primary increase in the percentage of correct answers was 
driven by an increase in spectral glimpsing (in Fig.  3, the increases 
in the solid lines are larger than the differences between the dashed 
lines). In contrast, in Experiment 2, the benefit of spatially separating 
the target source from the masking sources was slightly larger than 
the benefit of increasing spectral differences between the target and 
the two-talker maskers (in Fig.  5, the increases in the solid lines are 
shallower compared to Experiment 1, while the differences between 
the dashed lines are larger). This is likely due to the effects of the 
two-talker maskers in Experiment 2, which increased both IM and 
EM. Furthermore, the fact that the masker contained two talkers may 
have enhanced intelligibility in the separated condition, as the masking 
voices might have partially masked each other.

6. Conclusion

The present study investigated the strategies employed by partic-
ipants to solve a speech-on-speech task involving sources spatialised 
in the median plane. Task difficulty was manipulated by varying the 
number of speech maskers and the native language of the participants. 
Additionally, sources were spatialised using either individual HRTFs or 
a generic KEMAR HRTF.

To analyse participants’ strategies, two HRTF-based metrics and 
a glimpsing model were used. The HRTF-based metrics assessed spa-
tial and spectral cues, while the glimpsing model evaluated target 
glimpses independently of spatial location. Results indicate that par-
ticipants adopted different strategies to solve the task, suggesting a 
potential trade-off between relying on spectro-temporal glimpsing and 
HRTF-related spatial spectral cues. In Experiment 1 (one competing 
speech masker), the Native group primarily relied on target glimps-
ing, whereas the Non-native group relied more on spatial cues and 
showed a lower percentage of correct responses. This suggests that the 
Non-native group was less able to benefit from target glimpsing and 
compensated by using spatial information. In Experiment 2 (two-talker 
maskers), both groups relied on spatial cues and spectral glimpsing. 
The Non-native successfully combined both cues to further improve 
intelligibility—a trend not observed for the Native group. Overall, the 
results suggest that spatial cues become increasingly important as task 
difficulty increases (due to non-native language status or a higher 
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number of maskers), whereas the benefit of target glimpsing decreases 
under more challenging conditions. Moreover, the comparison between 
individual and generic HRTFs showed that individualised spectral cues 
further enhanced performance in difficult listening situations.

In order to better explain and understand the behavioural outcomes, 
experiments measuring higher-level perceptual mechanisms (e.g. listen-
ing effort and cognitive load) could be designed and carried out in the 
future. At the same time, objective metrics such as the ones presented 
here have been used in the past in related research (e.g. Cuevas-
Rodriguez et al., 2021), and allow not only to partly explain some of 
the observed mechanisms, but also to directly compare our results with 
the ones of previous studies.
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